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our paper can couple to neutrinos only via 75 coupling, contrary to the result we obtained. 

ON . 

Our incorrect result was a consequence of some errors in sections III and IV. Here we 

Oh! 

show how to correct them and satisfy the general theorem of ref [1]. We then show how 

<D '. 

to extend our model to generate the required coupling, ensuring that the coupling strength 
and the scalar mass are both small as desired. 



Chang, Keung and Yeh [1] have proved that Goldstone scalars of the type we used in 



In section III, eq. (12) should be: = N[2v ^VHlrn(h )+v 2 H v x Im(x) + (v^+Av^v s Im(S)], 



X 

and the 2 — 2 entry in the coupling matrix of eq. (14) should be: +M(v 2 H + 4-u 2 ). With these 
corrections, the scalar coupling of 4> to tptp is exactly zero which agrees with the conclusion 
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in Ref.[l]. 

In section IV the new global U(l) charges in eq. (19) for l l L and v l R should be ctj and 
— aj, respectively. The 2 — 2 and 3 — 3 entries in eq. (21) should be changed to —m2iv\ 
and — 777.33^^. Then, as in section III, the model does not have a non-zero scalar <fi to ^ip 
coupling as it is. 

It is however still feasible to generate the required coupling in a majoron model, and to 
ensure that it is small. After all we still have to generate a non-zero mass for the majoron. 
We pointed out in the paper that it is possible to use dimension 5 operators, which may 
be induced by gravity, to generate the majoron mass, and give such a term in eq. (17). 
Such a coupling can also induce a non-zero scalar coupling, but this scalar coupling is 
too small to generate a g in the range of 1CT 15 ~ 3 x 1CT 21 . However, a similar gravity 
induced explicit lepton number violating operator can exist and may be used to generate 
the desired scalar couplings. For example, a coupling of the form (a /m p i)i>RV R S^ S + H.C., 
which was proposed by Akkhmedov, Berezhani and Senjanovic [2], will induce a non-zero 
g with g ~ (a/m pl )(v s /M)(m 2 D /M). For m v ~ m 2 D /M ~ 1 eV, and v s /M ~ 1(T 6 , it is 
possible to obtain the desired scalar coupling. 

In the Dirac neutrino model, a non-zero scalar coupling can be generated by introducing 
global U(l) breaking operators. For example a term of the form (a j 'm v i)lL,\VR x Ii\S + H.C. 
can generate a g with g ~ ( <T / m pi)( v i/( v i + v l)) which can be made to be in the desired 
range. 

We thank D. Chang and W.-Y. Keung for helpful discussions. 
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Abstract 

An extremely light scalar weakly interacting with light neutrinos has inter- 
esting consequences in stellar evolution, neutrino oscillations and laboratory 
neutrino mass measurements. In this paper we construct realistic gauge mod- 
els for such scalar-neutrino interactions. 
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I. INTRODUCTION 



Recently, it has been shown that, if neutrinos weakly interact with an extremely light 
scalar boson, it is possible to introduce additional MSW like effects in the sun which alter the 
details of r-process nucleosynthesis in supernovae, to impact the earliest formation of stars, 
and to modify data near the endpoint of the beta spectrum in laboratory measurements of 
neutrino mass which may aid in the resolution of the "negative mass-squared problem" [1] 

The specific renormalizable Lagrangian introduced whose phenomenological conse- 
quences are discussed in ref [1] is of the form 



where ip and are the neutrino and scalar boson, respectively. In order not to be in conflict 
with other constraints, the scalar mass has to be around [1] 1.3 x 10" 18 eV, and the coupling 
g is in the range 3 x 10~ 21 < \g\ < 10~ 15 . 

In general the interaction between neutrinos and scalar can also have a renormalizable 
term of the form 



This type of interaction, however, will not affect the results obtained in ref. [1] because, in 
the macroscopic neutrino background considered there, the average of spin of the neutrinos 
is zero and the interaction term in Eqn (2) will have no effect. 

In this paper we study models which extend the standard model by the introduction of a 
neutrino interaction with an extremely light scalar. In section 2, we will discuss some basic 
features and difficulties of such interactions in gauge models based on the Standard Model 
(SM). A toy model will be given which also serves to introduce our notation. In section 3, we 
will discuss the possibility of realizing such interactions in Majoron models, and in section 
4, we will discuss the possibilities of realizing such an interaction in models with only Dirac 
neutrinos. 




m 2 s)<t>] + gW<l> 



(1) 



(2) 



II. A SIMPLE MODEL 



In the minimal SM it is not possible to accommodate the interactions of Eqn (1) although 
there is a scalar, the Higgs boson, in the model because this scalar does not couple to 
neutrinos and, further, experimental data constrain its mass to be larger than 77.5 GeV [2]. 

In order to get a new scalar interaction like that of Eqn (1), one must go beyond the 
standard model, while still respecting the SU(2) L x U(l)y transformation properties of the 
existing particles of the standard model. These transformation properties of leptons and the 
Higgs boson, which are relevant to our discussion, under the SM gauge group 577(2) L x U(1) Y 
for electroweak interactions are given by, 



L 



\ 6 J 



:(2,-^), (3) 



:(2,--), E> R = e* R : (1, -1) , and H 

L 

where i — e, /i, r is the generation index. 

From the quantum numbers of the particles, it is clear that one must introduce new 
particles to generate the interactions we want. The extremely light scalar which weakly 
couples to neutrinos will be a new particle beyond the minimal SM. The simplest way to 
do this is to introduce a real scalar S which transforms under the SM gauge group as a 
singlet (1,0). This scalar will not couple to the left-handed neutrinos by any renormalizable 
Lagrangian, so we also introduce right handed neutrinos v l R which transform as singlets 
(1, 0), and have a Majorana mass matrix which is introduced as a free parameter. With these 
new particles, it is possible to have interactions between the new scalar and the neutrinos. 
Including the Higgs interactions, the relevant terms are 

L new = -IJ^H^ur - ur—HL l - \v R M^v R - \v R Mv R 

+u r C^rS + VrCvrS + \d^S + V(S) , (4) 

where vh is the vacuum expectation value (VEV) of H, and V(S) the scalar field potential 
which has the form 



V(S) = — -m 2 S 2 + other terms up to fourth power in S . 



(5) 



The generation index on leptons has been suppressed. This Lagrangian of Eqn. (4, 5) contains 
some free parameters: a scalar mass m s , a scalar-neutrino coupling matrix C, a Majorana 
mass matrix M for u R , and a Dirac mass matrix m„. Notice that lepton number is explicitly 
broken in this model. In the neutrino mass eigenstate bases, one then has 

L = 1^ _ \^M^ + $ L Cil> R S + ^ R CH L S + \{d^S - m 2 s s 2 ) + ... , (6) 

where M is the diagonal mass matrix, U is a unitary matrix which diagonalizes the mass 
matrix and transforms the coupling matrix C to a new matrix C in the following way 



M = U l 



m T u 
m„ M 



u, c = u q 





c 



\ 



u . 



(7) 



The mass eigenstate is if; — i^l + if>R, with ip L = N L , ip R = JV£, where 



N lL 
N 2L 



(8) 



In this simple model the masses are all free parameters. Using this freedom, it is possible 
to obtain the parameter ranges used in ref [1]. To see how this happens, consider a simple 
case with just one generation. We assume that the light neutrino mass is due to the See- 
Saw mechanism [3], so that M 3> m u . The two mass eigenvalues are: m t ps —m 2 /M and 
m h M, and U is given by 

\ 



U 



cos 9 — sin 6 
sin# cos# 

The scalar coupling to the light neutrino is given by 
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, sin PS — — . 

M 



(9) 
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g = sin 2 6C 



m u \ 



M J 



C 



M 



c . 



(10) 



The upper limit of the electron neutrino mass is constrained to be of order ten eV [4] 1 . A 



In the presence of a neutrino cloud, the vacuum neutrino mass can be larger than the experimental 
bound, which bounds the effective mass inside the cloud [1]. 



value of g in the range of 1CT 21 ~ 1CT 15 , follows from values of M in the range of 10 12 ~ 10 6 
GeV if C is of order one. 

This exercise is just a demonstration that it is indeed possible to have a model which 
satisfies the requirements of ref [1] . The coupling between the scalar and the light neutrino 
is naturally small. However, although it is possible to have a small scalar mass due to the 
arbitrariness of the parameters, it will be much more interesting if some mechanism can be 
found which guarantees the lightness of the scalar particle. 

If the scalar is a Goldstone boson resulting from the breaking of a global symmetry, the 
scalar is naturally light, m s = 0. A small mass can develop for the Goldstone boson if the 
symmetry is explicitly broken weakly due to some mechanism. The Axion [5] is a famous 
example of this mechanism. However, available Axion models have masses for the spin zero 
particle which are too large. In the following we consider models in which possible global 
symmetries are broken spontaneously as well as explicitly due to gravitational effects, such 
that the would-be Goldstone boson resulting from spontaneous symmetry breaking receives 
a small mass. 

III. A MAJORON MODEL 

In the example given before, the lepton number is explicitly broken by Majorana mass 
terms and the scalar coupling terms. We now consider a model in which lepton number 
is spontaneously broken with a massless Majoron. The model to be studied contains in 
addition to the usual minimal SM particle contents, right-handed singlet neutrinos u l R , one 
triplet Higgs x an d a singlet scalar S. The transformation properties under the SU(2)l x 
U(1)y x U(l)i ep ton group for scalar particles are: 

if : (2, -l/2)(0); X :(3,l)(-2); 5:(l,0)(-2). (11) 

Here the quantum number in the last bracket is the lepton number. Lepton number is 
spontaneously broken when x an d S develop non-zero vacuum expectation values v x and 
vs, respectively. The Majoron field is given by 



= N[2v 2 v H Q(h°) - v 2 H v x Z(x) - (v 2 H + 4vl)v s QtS\ , 



(12) 



where N = 1/ ^J(2v 2 vh) 2 + (v^v^ 2 + ({v 2 H + Av 2 )vs) 2 is the normalization constant. 
The mass matrix for the neutrinos in the bases (v L , z/^) is given by, 



M, 



neutrino 



m m 



\ 



V 



(13) 



/ 



V2 



V 



m D M 

where m ~ d x , m B ~ % and M ~ v$ are the Majorana mass matrix for the left-handed 
neutrinos, the Dirac mass matrix for neutrinos and the Majorana mass matrix for the right- 
handed neutrinos, respectively. 

The Majoron- neutrino coupling matrix is given by 

^ —mvfr 2m 1 r ) v 2 

x (14) 

2m D v\ -M(v 2 H + Avl) 

For simplicity we work with just one generation and assume m, are real and M has a 
phase of 2 n/2. It has long been known that a Majoron model of the type discussed here 
without the singlet is ruled out by experimental data from LEP on Z decay width [4] , because 
of additional light charged scalar decay modes for Z [6]. This problem can be solved by the 
introduction of the singlet scalar, with vs ^> vh v x such that the light charged scalar 
decay modes of Z are suppressed. We will assume this is the case in the discussion to follow. 

After diagonalization of the neutrino mass matrix and in the mass eigenstate bases, the 
light neutrino mass and interaction with the scalar is given by 

2m 2 , 



2m 2 

+ sin #1)75^ Ty- cos , 



M M 
where m\ ^m? + (m 2 D /M) 2 is the eigenmass and 5\ = enctg(m 2 D /mM) 



(15) 



2 Without complex phases, the Majoron being a pseudoscalar couples to neutrinos through the 75 
coupling of Eqn. (2). Complex phases in the interaction are needed to induce the scalar coupling 
of Eqn. (1). We choose a phase of ir/2 to maximize the effect. 



As has been discussed before, the interaction term with 75 does not affect the results of 
interest to us, so we can ignore it in the remainder of this section. We then identify 

2 

g= " D cosfr. (16) 
y/2Mv s 

It is easy to obtain a neutrino mass close to the upper limit of order ten eV. Also if we 
assume m is the same order of magnitude as m 2 D /M, cos<5i is of order one, M ~ v 5 is in the 
range of 10 6 to 10 12 GeV, and the coupling g is in the range of 10~ 15 ~ 10~ 21 . 

So far the Majoron mass is exactly zero. However, this may not hold when gravitational 
effects are considered. It has been argued that, in the presence of gravity, the lepton number 
symmetry may be explicitly broken and result in a small mass for Majoron [7]. The mass 
would be inversely proportional to the Plank mass and therefore can be made very small. 
The lowest terms have dimension five. To this order, a number of terms can contribute. For 
example a term of the following form can appear in the potential 

V ttdd = j3—(x + x) 2 S + H.C., (17) 
mpi 

where m P i is the Planck mass. This term satisfies the condition that when the Planck mass 
goes to infinity, its contribution vanishes. Due to the appearence of this term, the minimal 
conditions for the potential change, and the Majoron will mix with the massive scalar and 
also become massive. The mass-squared m| is given by 

ml = -0—^ • (18) 

2V2v s m P i 

This mass can be easily made to be around 10 -18 eV with (5 to be of order one. The 
analysis with additional terms can be easily carried out in the same way. 

IV. A MODEL FOR DIRAC NEUTRINO SCALAR INTERACTIONS 



The conditions required for neutrino-scalar coupling of the type of Eqn (1) can also be 
realized for Dirac neutrinos. In the following we present a simple model to demonstrate this 



fact. In this model we introduce a new global U(l) symmetry whose quantum numbers for 
different fields are indicated in the second bracket in the following, 

l{ : (2,-l/2)(0); ^:(l,0)(a,), 



Hj : (2, --)(&■); 5:(1,0)(1); 

ai = ; a 2 = "3 = 1 ; Pi = ; /3 2 = 1 • 



(19) 



Here i is the lepton generation index and j is doublet Higgs index, which is introduced 
because we find that two Higgs doublets are needed. The global symmetry is broken by 
VEV's of Hj and S. The corresponding Goldstone boson is given by 

= N[v 2 H2 v H Mh°i) - v 2 Hl v H Mh° 2 ) ~ (v 2 Hl + v 2 H2 )v s Z(S)} , (20) 

where N = l/y / (f^ 2 f_f/ 1 ) 2 + {v 2 Hi Vh 2 ) 2 + ((^ + v h 2 ) v s) 2 i s the normalization constant. 
The mass matrix and neutrino coupling matrix are given by 



/ \ 

mn 77li2 77713 



M 



777 2 l 777 2 2 777 23 
77731 77732 777 33 

^ rnuvjj 2 -m 12 v 2 Hi -m l3 v 2 Hi 



C = N 



m 2 iv 2 H m 2 2VH 2 



-m 23 v Hl 



(21) 



\rn 31 v 2 H2 -m 32 v 2 Hl m 33 v 2 H2 J 
The mass matrix can be diagonalized by bi-unitary diagonalization, that is 



^ 777 i 



777 



777 2 
777 3 

which gives a transformed, coupling matrix 



V 



V L MV R , 



(22) 



C = V L CV R . 



(23) 



To illustrate this model, consider an example with two generations. The coupling matrix 
is of the form 



C=-Nm 12 (v% 1 +v% a )e 
( 



I \ 

CLSR C L Cr 



V 



Vr = 



Sl c L e 



sl-sr S L Cr 

* L \ ( 

, Vr = 



J 



V 



(24) 



cr -s r 
s R e i&R c R e l5 

where cl,r = cos0l,r and sl,r = smd^R. This model is very different from the Majoron 
model discussed previously. At least two generations with mixing are needed. The Goldstone 
boson coupling to the lightest neutrino is given by 



m\2 . , 
g = sin Orc l sr 



(25) 



With m 12 in the eV range, c L s R of order one and v s in the range 10 6 ~ 10 12 GeV, it is easy 
to obtain g in the desired range of 1CT 15 ~ 10 -21 . 

Again the Goldstone boson mass becomes non-zero when gravitational effects are con- 
sidered. As an example we introduce a term of the form 



_ MH 2 fS 

Vadd — P 

mpi 



+ H.C. 



(26) 



in the potential. The field develops a mass given by 



ml = P- 



J H 2 



v s m P i 



(27) 



which can easily be in the desired range. 



V. CONCLUSION 

Neutrinos that interact weakly with an extremely light scalar have many interesting 
consequences in steller evolution, neutrino oscillations and laboratory neutrino mass mea- 
surements. In this paper we have study the possibility of realizing such interactions in gauge 
models. We have shown that it is indeed possible to construct such models, and that it is 
possible to arrange for the new scalar to be very light and for its coupling to neutrinos to 



be naturally very small. Models which exhibit this behaviour are constructed in which the 

neutrinos are either Majorana or Dirac particles. 
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